Boussaoud, Driss, Christophe Jouffrais, and Frank Bremmer. sual system, up to high order visual areas of the parietal and Eye position effects on the neuronal activity of dorsal premotor temporal cortices. Ultimately, visual information reaches the cortex in the macaque monkey. J. Neurophysiol. 80: 1132Neurophysiol. 80: -1150, premotor cortical regions, where visually guided reaching 1998. Visual inputs to the brain are mapped in a retinocentric movements are planned (for reviews, see Boussaoud et al. reference frame, but the motor system plans movements in a body-1996; Caminiti et al. 1996) . On the other hand, the motor centered frame. This basic observation implies that the brain must system seems to code movements to locations specified relatransform target coordinates from one reference frame to another.
tive to shoulder or body axis not in a retinocentric frame of Physiological studies revealed that the posterior parietal cortex may reference. The question then is how the brain transforms the contribute a large part of such a transformation, but the question remains as to whether the premotor areas receive visual informa-coordinates of a visual target from retinocentric coordinates tion, from the parietal cortex, readily coded in body-centered coor-to body-centered coordinates. This question has motivated dinates. To answer this question, we studied dorsal premotor cortex several studies in the past 20 yr in both psychophysics (for (PMd) neurons in two monkeys while they performed a conditional reviews see Abrams 1992; Flanders et al. 1992 ; Soechting visuomotor task and maintained fixation at different gaze angles. and Flanders 1992) , neurophysiology (see Andersen et al. Visual stimuli were presented on a video monitor, and the monkeys Jeannerod 1991) , and modeling (Pouget and made limb movements on a panel of three touch pads located at Sejnowski 1997; Pouget et al. 1993 ; Zipser and Andersen the bottom of the monitor. A trial begins when the monkey puts 1988). From a conceptual point of view, the prevailing idea its hand on the central pad. Then, later in the trial, a colored cue instructed a limb movement to the left touch pad if red or to the has been that this ''coordinate transformation'' is performed right one if green. The cues lasted for a variable delay, the in-in a serial or hierarchical manner with progressive shifts of structed delay period, and their offset served as the go signal. The target location from retinocentric to head-centered to bodyfixation spot was presented at the center of the screen or at one of centered coordinates (Flanders et al. 1992; Jeannerod 1991) . four peripheral locations. Because the monkey's head was re-In most models of coordinate transformations between referstrained, peripheral fixations caused a deviation of the eyes within ence frames, retinal and eye position signals are conceived the orbit, but for each fixation angle, the instructional cue was to converge at low levels of the visual pathways, where a presented at nine locations with constant retinocentric coordinates.
head-centered representation of visual space is computed.
After the presentation of the instructional cue, 133 PMd cells disThen, at later stages, head position signals are used to create played a phasic discharge (signal-related activity), 157 were tonically active during the instructed delay period (set-related or prepa-a body-centered representation, which is used by the motor ratory activity), and 104 were active after the go signal in relation output stage, in conjunction with limb position signals, to to movement (movement-related activity). A large proportion of produce movements in space. One of the brain regions cells showed variations of the discharge rate in relation to limb thought to play a major role in coordinate transformation movement direction, but only modest proportions were sensitive and space coding is the posterior parietal cortex. Within the to the cue's location (signal, 43%; set, 34%; movement, 29%). inferior parietal lobule, neurons have been shown to receive 1985 , 1990b Bremmer et al. 1997a,b; Brotchie et al. 1995) . the horizontal and vertical axes and can be approximated by a two-Neurons with activity that reflects a convergence of retinal dimensional regression plane. These data provide evidence that and eye position signals also have been reported in the paeye position signals modulate the neuronal activity beyond sensory rieto-occipital region (Galletti et al. 1991 (Galletti et al. , 1995 . Neuroanaareas, including those involved in visually guided reaching limb tomic studies have shown that the parietal and parieto-occipimovements. Further, they show that neuronal activity related to tal areas are the major source of visual inputs to the premotor movement preparation and execution combines at least two direccortex (Cavada and Goldman-Rakic 1989; Johnson et al. tional parameters: arm movement direction and gaze direction in 1996; Tanné et al. 1995; , known for its space. It is suggested that a substantial population of PMd cells codes limb movement direction in a head-centered reference frame. role in the planning of visually guided limb movements.
This anatomic organization of the parieto-premotor cortex suggests that premotor cortex neurons receive information
I N T R O D U C T I O N
about target location in body-centered coordinates, the appropriate reference frame for the planning of limb moveThe brain receives visual inputs cast in retinal coordinates, and the retinotopic maps are propagated throughout the vi-ments. This view has received support from the fact that FIG . 1. Schematic representation of the behavioral task. A: cartoons show the monkey sitting in front a video monitor and depict the major steps in the performance of a trial. Each trial begins when the monkey puts its hand on a central pad located at the bottom of the screen and fixates a small white visual stimulus presented at the screen center. Then a larger white stimulus, termed the precue (PC), is presented at a given location. That stimulus goes off, and after a variable delay, another stimulus is presented at the same location as the precue (the motor instructional cue, or MIC). MIC cue can be either red (top) or green (bottom), instructing a movement from the central pad to the left or to the right one, respectively. It remains on for a variable delay period during which the monkey must withhold movement until a go signal is given by the cue's offset. Note that the monkey must maintain fixation throughout the trial until the go signal. B: sequencing of task events. Upward and downward deflections in a line indicate the onset and offset of that stimulus, respectively. Variable delays are indicated by breaks in the corresponding lines. Rew, reward. Four epochs are depicted at the bottom (see text for details). C: examples of trials. In trials 1 and 2, the MIC cue remains at identical retinal coordinates while gaze angle changes. In trials 1 and 3, gaze and retinal coordinates of MIC change, but the cue remains at constant head-centered coordinates. a-c: delay before MIC onset, the delay after MIC onset, and the go signal, respectively. some cells in the ventral premotor cortex (PMv) of monkey position signals to represent target information, and to plan limb movement direction in space. The present study was have visual responses independent of eye position (Fogassi et al. 1992; Graziano et al. 1994) . However, there is evi-undertaken to further examine this issue by investigating the effects of orbital eye position on the neuronal properties in dence that the same premotor area contains many cells with retinocentric receptive fields and visual responses modulated the dorsal premotor area (PMd).
The rationale in choosing PMd is that several studies have by gaze angle (Boussaoud et al. 1993) , in a manner similar to that described for parietal cortex neurons (Andersen et established that it plays a crucial role in visually guided reaching limb movements. Single-unit recordings in awake monkeys al. 1985, 1990b Fu et al. 1993 Fu et al. , 1995 Kalaska and Crammond 1) . Located at the bottom of the screen was a panel of three metal Kurata and Wise 1988; Riehle and Requin 1989 ; touch pads, a central one aligned on the monkey's body axis, one Tanji et al. 1988; Weinrich and Wise 1982; Wise 1984) . In 12 cm to the right of that axis, and one 12 cm to the left. Eye contrast to the ventral premotor area (PMv) and the dorsolat-position was monitored using a scleral search coil. The trials begin eral prefrontal cortex, PMd is much more related to movement when the monkey puts its hand on the central pad, and fixated a preparation per se, than to attention or sensory processing 0.2 1 0.2Њ fixation point. After a delay (250 ms) of steady fixation, a 2 1 2Њ white square appeared at one of nine locations forming (Boussaoud and Wise 1993a,b; di Pellegrino and Wise 1993;  a grid. This stimulus served as a precue (PC), which directs the Kurata 1988), and its temporary inactivation in monkeys remonkey's attention to a given location. Next, after a variable delay sults in directional errors (Kurata and Hoffman 1994) . Thus (0.5-1 ms), a colored square of the same size was presented at PMd stands as one of the premotor areas most related to the previously cued location. This stimulus (the motor instructional the initiation and execution of reaching limb movements, as conditional cue, MIC) guided the monkey's motor response acopposed to sensory processing, and for that reason it is suited cording to a conditional rule: a red MIC instructed a movement to for examining whether the neuronal activity associated with the left touch pad, a green MIC instructed a movement to the right, limb movements varies with changes in gaze angle. We exam-independently of their spatial location. The MIC cue was presented ined PMd neurons while monkeys fixated at various angles and for a variable delay (1-3 s, 0.5-s steps), and the monkey had to made identical limb movements and found that their activity await for its offset, the go signal, to perform the appropriate response. After the go signal, the monkey had 650 ms to contact the is modulated highly by orbital eye position. The observed appropriate touch pad to receive a liquid reward (Fig. 1B) . (10,010, (10,0), and (10,10) . When the Two rhesus monkeys (Macaca mulatta), 5-6 kg, were trained to perform a conditional visuomotor task. They both were subjects fixation point moves to a new location, visual stimuli moved ac-J492-7 / 9k2c$$se19 08-11-98 14:33:00 neupa LP-Neurophys (1980) . Each monkey then was allowed a 1-wk postsurgical recovery during which it received oxaciline as an antibiotic (Bristopen; 50 mgrd 01 rkg 01 of body wt im), paracetamol for analgesia (Doliprane; 80 mg twice a day, orally), and eye drops of antibiotics (Chibrocadron, daily for 5 days). Then they were trained to perform the task with fixation until they reached ú90% correct performance and underwent the second surgery. In this surgical session, a stainless steel recording chamber (36 1 27 mm) was implanted over the frontal lobe, roughly centered on the dorsal premotor region using gyral impressions in the skull (Wolpaw 1979) . The dura inside the chamber was left intact and covered with a topical antibiotic cream (Staphylomycine). A plexiglas cover was screwed on the chamber and was removed before each recording session. The animals then were given 1 wk of postsurgical recovery during which they were cared for as described earlier before the recordings began.
Recording and data analysis
Glass-coated, tungsten electrodes (0.5 MV impedance) were employed to record extracellular neuronal activity using conventional techniques. Electrodes were inserted into the recording chamber directly through the dura, i.e., without the use of a guide tube. Near the end of the experiments, electromyographic (EMG) activity of hand, shoulder, neck, and trunk muscles was recorded with intramuscular stainless steel electrodes in monkey 1 while he performed the task. EMG signals were amplified, filtered with a band-pass of 10 Hz to 10 kHz, and discriminated with a window discriminator and recorded as pulse replica. A total of 16 muscles were recorded. Among them, the trapezius, gluteus maximus, infraspinatus, lumbar paravertebral, and latissimus dorsi were monitored bilaterally, whereas the deltoid, flexor carpi radialis and carpi ulnaris, biceps, triceps, and supraspinatus muscles were monitored on the performing side only (left). The isolated action potentials FIG . 3. Behavioral data. Response time (RT) in milliseconds for move-and EMG were collected together with the behavioral events using ment to the right vs. to the left for MIC cues presented in the left hemifield a PC-based software (Cortex, courtesy Robert Desimone, National (left), the right hemifield (right), or on the vertical meridian ( middle).
Institute of Mental Health). The data were collected for correctly performed trials in interleaved blocs of three trials per target location and per eye position. cordingly and thus remained at constant retinal coordinates (Fig. Peri-event histograms were constructed for all recorded cells 1C, trials 1 and 2). Among the nine retinal locations, however, with neuronal activity aligned on various task events, including there were stimuli that also remained at identical screen locations the onset and offset of visual cues and the end of movement. across gaze positions (Fig. 1C, trials 1 and 3) . In monkey 2, we Analysis of neuronal activity focused on the discharge rate meaalso varied the location of the fixation point by steps of 5Њ along sured during four major epochs (see Fig. 1B ): precue activity, the horizontal meridian. The fixation point was presented at (010, measured 100 ms after the presentation of the precue (epoch 1 Å 0), (05,0), (0,0), (5,0), and (10,0). Because the head was re-200 ms); a post-MIC, or signal-related activity, taken 100 ms after strained, peripheral fixations caused deviations of the eyes within MIC onset (epoch 2 Å 200 ms); an instructed delay, or set-related the orbits. activity (epoch 3 Å 500 ms) measured just before the go signal; and a response time, or movement-related activity (epoch 4 Å 500 Surgery ms) measured after the go signal. A one-or two-factor analysis of variance (ANOVA, Wilkinson, SYSTAT, Evanston, IL) was Surgical procedures and animal care were in accordance with the Guiding Principles in the Care and Use of Laboratory Animals performed on the mean discharge rate of each task-related cell to determine the effects of the different parameters examined (see of the National Institutes of Health, and the European Community's guidelines for animal protection and use for experimentation. Sur-further). The statistical analysis was aimed at testing the effects of the retinal location of the MIC cue, and those of gaze angle on gery was performed under aseptic conditions and deep anesthesia. Each monkey was first tranquilized with ketamine hydrochloride the neuronal activity. The same analysis was applied to behavioral parameters, namely the response times (time between MIC offset (Imalgen; 30 mg/kg im), then deeply anesthetized with propofol (Diprivan; 0.25 mgrmin 01 rkg 01 of body wt iv). Heart rate and and target acquisition) and EMG activity. In addition, a two-dimensional linear regression analysis [statisoxygen saturation were monitored throughout surgery, and the animal's temperature was maintained within the physiological range tical model: z Å c / a * x / b * y, where z represents the discharge rate, c the intercept, a and b the slopes along the horizontal (x) by a heating pad. In the first session, performed after each monkey has learned the conditional rule without fixation, a head-restraining and vertical (y) axes, respectively] was applied to the mean activity of individual cells, as well as to the activity averaged across the device and a coil were implanted. The head-restraining device consisted of a stainless steel bar with a circular flat base that was population, measured during the three post-MIC cue epochs (signal, set, and movement epochs). R 2 values and F ratio were comcemented on the occipital pole of the skull. The coil was implanted under the conjunctiva following the procedure of Judge et al. puted for validating the planar model as fit to the observed data.
J492-7 / 9k2c$$se19 08-11-98 14:33:00 neupa LP-Neurophys . Two arrow heads in each display indicate the shortest and longest RTs, respectively. In each trial, the upward deflection of the line corresponds to a saccade to the right (for the x axis) or up (for the y axis). MIC cue was red (instructing a leftward arm movement) and was presented at various screen locations.
Histology
ODS, for each MIC cue location and each gaze angle. Figure 3 illustrates the RTs for both monkeys. The statistical analysis Near the end of recording neuronal data, electrolytic lesions (ANOVA) of the RT data shows that there was no significant (10 mA for 15 s, cathodal current) were made in six electrode effect of gaze angle. However, RTs were affected by both the penetrations in monkey 1. The recording sites were later recon-location of MIC cues and the direction of limb movement. As structed using the retrieved electrolytic lesions. In monkey 2, the Fig. 3 shows, RTs were shorter (monkey 1) or longer (monchamber and head fixation device had to be removed, due to an key 2) for movements to the left than those for movements infection, before the recordings were completed. In this animal, to the right, despite the fact that both monkeys used the left histological reconstruction was based on the remaining lesions caused by electrode penetrations. However, the bone flap removed limb to perform the task.
at the time of chamber implantation was used to obtain a map of EYE MOVEMENTS. As described in METHODS, monkey 2 was the sulci underneath (Wolpaw 1979) . Electrode penetrations were trained to fixate throughout the trial period up to the end of made relative to the estimated location of the superior arcuate movement, whereas monkey 1 was allowed to move its eyes sulcus with good accuracy (Fig. 2) . At the end of all the experiafter the go signal. Analysis of eye movement recordings ments, each monkey was anesthetized deeply with pentobarbital sodium (75 mg/kg) and perfused intracardially with 3% paraform-shows that, even in monkey 1, the eyes begin to move relaaldehyde, followed by sucrose solutions of increasing concentra-tively late, with response times comparable with those of tions for anatomic purposes. The brain was removed from the limb movements (Fig. 4) . Thus during the first period of skull, photographed, sectioned on a freezing microtome at 40-mm the RTs (as measured above), orbital eye position is the thickness, mounted on glass slides, and stained for Nissl substance same as it was during the trial period before the go signal. with thionin. Surface projections of the recording sites and the We thus examined the effects of gaze angle on the neuronal estimated track of each penetration were plotted by reference to activity measured during the response time period (movethe recovered electrolytic lesions (monkey 1), or the estimated ment-related activity) in both monkeys. This movement-related EMG activity varied with movement R E S U L T S direction in most cases (11/16 muscles). Second, very few muscles (2/16) showed significant variations of EMG activBehavioral data ity in relation to gaze angle (ANOVA, P õ 0.05) during the instructed delay period, although the activity of nearly RESPONSE TIMES. The monkeys performed the task at ú90% success rate. We measured the means and standard half of the sample varied with gaze during the movement period (7/16). J492-7 / 9k2c$$se19 08-11-98 14:33:00 neupa LP-Neurophys of the instructional cue. Figure 6A illustrates an example of
Other activity types 14 cells with precue activity. It begins with a latency of Ç150 ms and lasts for 200-300 ms thereafter. For this cell, PC activity is spatially selective in that it appears only if the on EMG activity of two muscles. As the figure shows, when the monkey looks straight ahead, the left trapezius displayed PC is presented at the fixation point. However, despite its apparent visual nature, the cell's discharge differs depending tonic activity during the PC and the instructed delay period for both left and right trials. The activity during these two on the instructional significance of MIC cues presented later in the trial. If MIC is red, no activity is observed (Fig. 6A , task periods increased significantly (ANOVA, P õ 0.05) when gaze was deviated to the right and decreased dramati-top), but if the cue is green (Fig. 6A, bottom) , a phasic, signal-related activity follows the cue's onset and lasts for cally when gaze was deviated to the left. The phasic, movement-related activity is significantly stronger for movement Ç400 ms. Thus although the neuron appears to be related to spatial attention, it has clear motor preparatory properties to the left versus to the right and also varied with gaze angle. Likewise, the lumbar paravertebral muscle was differentially as it responds selectively to instructional cues based on the direction of the upcoming movement. active with gaze angle. These observations will be discussed later in relation to the possible sources of gaze effects.
Unlike the example described above, the vast majority of PMd cells discharge preferentially following motor instruc-presents a summary of this analysis. Activity variations related to target location in retinocentric coordinates, referred tional cues than after the precue. A typical example is shown in Fig. 6B . In this cell, there is no activity after the PC, to as a ''retinal effect,'' were found to be significant in a modest number of cells. Interestingly, the proportion of cells whereas a strong discharge follows the onset of the MIC cue. Moreover, the neuronal discharge reflects the direction with activity that changed with the retinal location of MIC cues varied depending on the task epoch considered with of the upcoming arm movement. In the example of Fig. 6B , the cell has a vigorous discharge after MIC onset when it the highest proportion during the earliest epoch after MIC onset (e.g., signal-related activity; 43%). The proportions instructs a movement to the left (top) but no activity for a MIC instructing a movement to the right (bottom). In the were relatively lower for set-related (34%) and movementrelated (29%) activity. Figures 8 and 9A illustrate this retinal DISCUSSION, we will argue that such selectivity is unlikely to reflect color processing per se.
effect on signal-and set-related activity, respectively, of two different neurons. Among the cells with activity variations related to the MIC cue, 141 cells were classified as signal-related, 157 as In contrast to stimulus effect, the vast majority of cells showed significant variations of activity in relation to the set-related, and 104 as movement-related. This classification does not preclude that a given cell display two or all three direction of the upcoming limb movement (see Table 2 ).
This direction sensitivity was observed in all three task periactivity patterns. Thus a given cell can be classified into more than one category. Representative examples of these ods, but it was relatively stronger during the set and movedifferent patterns of activity are shown in Fig. 7 .
To determine the effects of gaze angle on the neuronal TABLE 2. Retinal, gaze, and movement effects by task period discharge rate, we selected only cells that were studied under at least three different eye positions. Numbers and proportions (in percent in parentheses) of cells with activity
We tested for variations of cell activity with MIC cue's that varied significantly (analysis of variance, P õ 0.05) with retinal stimuretinal location for a given movement direction and with lus location, orbital eye position or limb movement direction are summarized for three selected task periods.
movement direction for a given stimulus location. Figure 10 shows an example. The graph in Fig. 10 illustrates signalrelated activity of a PMd cell, measured for a MIC cue presented at a constant retinal location when gaze angle changed. Signal-related activity in this neuron is selective for leftward movement and shows, in addition, significant variations with gaze angle. Less important variations are observed for the cue presented at the same location but instructing a movement to the right. The rasters of Fig.  10 illustrate the neuronal discharge for two selected gaze angles. It appears that the neuron's signal-related activity is much more vigorous when gaze is at ( 10,010 ) than when it is at ( 10,10 ) .
Gaze effect on set-related activity. Of the 157 PMd setrelated cells examined, 124 showed significant activity variations with gaze angle. Figures 11 and 12 show representative examples. In Fig. 11 , the graph shows that set-related activity is direction-sensitive in that it is vigorous when the upcoming movement is to the right and nearly absent when movement is to the left. In addition, set activity varies dramatically with gaze angle. The cell's discharge rate is much higher Fig. 12 . In this case, set activity was observed location as in A. C: same cue as in A but presented at a different retino-for both leftward and rightward limb movements, but the centric coordinates. Note that the cell discharge is dependent on movement degree of selectivity for movement direction varied with direction and MIC cue's location. Scale bar, 1 s, vertical scale, impulses/ s. gaze. When gaze is straight ahead or deviated to the left, there is no significant difference in the discharge rate for movement to the left versus to the right. However, when ment periods than in the signal period. Examples of cells gaze is deviated to the right, the discharge rate is significantly with directional preference are shown in Figs. 6 B, 8, 9A , higher during the preparation of a leftward movement than and 10-13. In some cases, both stimulus and movement effects can be observed. For example, Fig. 8 shows that the during that of a movement to the right. These two examples cell's discharge is only observed following a red MIC cue illustrate one of the most salient aspect of gaze effects in (compare A and B) . Yet, the same red MIC cue presented PMd consisting of a modulation of the degree of neuronal within the lower visual hemifield evokes virtually no activ-selectivity for limb movement direction. ity. Another example can be found in Fig. 9A for set-related Gaze effect on movement-related activity. Of the 52 activity. Here, the cell is active only during the preparation PMd movement-related cells analyzed, 41 showed signifiof a limb movement to the right, and the activity changes cant activity variations with gaze angle. Figure 13 shows an significantly when stimulus location varies.
example, which, like the majority of PMd cells, has differential activity during the response time period depending on EFFECT OF GAZE ANGLE. Gaze angle affected the activity of movement direction. In addition to the clear effect of limb a vast majority of PMd cells in all the task periods examined. movement-direction on the cell's discharge rate, the graph Table 2 summarizes the proportions of cells with activity in Fig. 13 illustrates the variations of activity with orbital that varied significantly with gaze angle for signal, set, and eye position. A clear illustration can be seen in the rasters movement periods, and Figs. 9B and 10-13 illustrate repreand histograms (Fig. 13, right) . A much stronger discharge sentative examples. Gaze effect was typically large and highly significant (2-factor ANOVA; P õ 0.05). On aver-rate is observed for eye position in the lower left quadrant J492-7 / 9k2c$$se19 08-11-98 14:33:00 neupa LP-Neurophys of the screen, (010,010), compared with fixation at the regression planes are shown in Fig. 15 . In Fig. 15A , the mean signal-related activity was strongest when the monkey upper right quadrant, (10,10).
Gaze effect on other types of activity. Gaze angle affected fixates to the right half of the screen, weakest when the monkey fixates to the left half, and intermediate for central the neuronal activity during additional task periods including activity associated with the precue as well as that related to fixation. The cell in Fig. 15B (same as in Fig. 11) showed a significant fit for set-related activity associated with anticipation of visual stimuli. Figure 14 shows an example of cells the activity of which during the task period that rightward limb movement. In this example, the activity decreased linearly as gaze direction shifted from left to right. precedes the MIC onset varies dramatically with eye position. When recorded during central fixation, this neuron dis-Finally, Fig. 15C shows an example of cells with movementrelated activity that fits significantly within a linear regresplays moderate and inconsistent activity in anticipation of the MIC cue (center of Fig. 14) . Analysis of the cell's sion plane. These examples illustrate different gradients of activity, represented by the direction of the slope of the activity shows that it is not correlated with the onset or offset of the precue nor with the onset of the MIC cue or the regression plane, in relation to gaze angle for individual neurons. direction of the upcoming limb movement. Most importantly, it appears that the neuron's activity depends on the In addition to the regression analysis at the single cell level, we also performed a population analysis of the distrifixation angle, with a much stronger and more consistent activity when the monkey fixates to the lower left than when bution of the slopes and intercepts of the regression planes and fitted a two-dimensional (2-D) regression plane to the it fixates to other screen locations.
Regression analysis. We applied a regression analysis to mean discharge rate computed for the total sample of cells. Figure 16 shows the distribution of the intercepts of the 2-the mean discharge rate of cells and found that many of them changed their activity in a linear manner with variations D regression planes for leftward and rightward limb movements, and Fig. 17 illustrates the distribution of the slopes of eye position (Table 3 ). In the majority of neurons, the modulation of the activity may be approximated by a two-obtained for each movement direction. Statistical analysis revealed that, on average, intercept values were not signifidimensional linear regression function with a significant fit (P õ 0.05). In addition, the discharge rate as a function of cantly different for the two movement direction (MannWhitney rank test: P ú 0.5). In addition, the distribution of horizontal and vertical eye position may be fitted by a linear regression plane in one or all of the task periods analyzed. the directions of the gradients did not deviate significantly from a uniform distribution (P ú 0.6). Finally, Fig. 18 On average, 56-67% of cells showed a significant fit at least in one task period, and 58-61% of cells showed a significant shows the 2-D regression planes fitted to set-related activity averaged across a sample of 114 PMd cells. It appears that, fit at least along one axis. Representative examples of the J492-7 / 9k2c$$se19 08-11-98 14:33:00 neupa LP-Neurophys instruct a movement in opposite directions, it is unlikely did differentiate between stimuli based on their color. Thus despite this control limitation, it is reasonable to assume, that what we refer to as directional preference reflects color processing per se. Indeed, our previous experiments that based on earlier studies that when the discharge rate of a PMd cell following a green MIC differs from that following controlled for such parameters (Boussaoud and Kermadi 1997; Boussaoud and Wise 1993a,b; Kermadi and Bous-a red MIC, that difference reflects the direction of the forthcoming movement rather than the difference in stimulus saoud 1995) have shown that none of the sampled PMd cells color. Having said that, the present results bear on important issues of visuomotor transformations such as the so-called 
Coordinate transformation
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The brain mechanisms for the transformation of retinocen- Total †  59  58  61  76 tric coordinates into head-or body-centered coordinates have Percentage of cells with significant fit (P õ 0.05) of a linear regression been extensively investigated in recent years (for review, plane to the cell discharge along both horizontal and vertical axes (Global; see Andersen et al. 1993 Flanders et al. 1992 ). It Mean activity for 5 fixation angles (black circles) is plotted against eye position along the horizontal and vertical axes. Shaded area represents the regression plane, the regression equation of which is above each graph. Size of the bar between the circles and the plane represents the deviation of activity from the plane. P value indicates the significance level of the fit. A: regression plane for signal-related activity after a red cue (leftward limb movement) presented at 9 different retinal locations. B: regression plane for set-related activity for a green MIC cue (rightward limb movement) presented at retinal coordinates (010,0). C: regression plane for movementrelated activity when a green MIC cue was presented at retinal coordinates (10,0).
including the retinal image of the target, orbital eye position, work models that have been trained to produce head-centered coordinates from retinal and eye position information. Furand head position relative to the body. Neurophysiological studies have shown that the posterior parietal cortex, includ-ther work in this area has shown that approximately half of parietal neurons with activity that varies with orbital eye ing areas 7a and LIP, contains neurons with visual response properties that vary with eye position in the orbit (Andersen position also are modulated by changes in head position, thereby producing a gaze signal that may be used in the and Mountcastle 1983; Andersen et al. 1985 Andersen et al. , 1990b Bremmer et al. 1997a,b) . The linear variations of the responses elaboration of a body-centered spatial coding (Brotchie et al. 1995) . The authors suggested that it is a gaze signal (eye of these neurons with horizontal and vertical changes in eye position, were termed planar gain fields by Andersen and position / head position) that combines with the retinal location of targets to code their location relative to body his colleagues. They are thought of as the mechanism that allows the computation of target location in head-centered axis.
The modulation of neuronal visual responses by eye posicoordinates using retinal and eye position signals at the neuronal level (for reviews, see Andersen et al. 1993 . tion has been reported in other areas of the brain, including striate cortex (V1) (Guo and Li 1997; Trotter et al. 1992 , The conjecture is that when taken together, a population of parietal cells, each with its planar gain field, is capable of 1996), the parieto-occipital area (PO, also termed V6) (Galletti et al. 1991 (Galletti et al. , 1995 , visual area V3A (Galletti and Battagcreating a distributed neural coding of target location in head-centered coordinates. Such a hypothesis seems likely lini 1989), ventral premotor cortex and prefrontal cortex (Boussaoud et al. 1993) , internal laminar nuclei of the thalaas Zipser and Andersen (1988) have shown that similar planar gain fields emerge in the hidden units of neural net-mus (Schlag et al. 1980) , and the pulvinar (Robinson et al. 1990 ). In addition, orbital eye position appears to modulate nonvisual properties of extrastriate cortex cells. For example, auditory responses and saccadic activity have been shown to change with eye position in LIP (Andersen et al. 1990b; Mazzoni et al. 1996) . Recently, Bremmer et al. (1997b) have shown that eye position affects not only visual properties of cells in the middle temporal area (MT) and medial superior temporal area (MST) but pursuit-related activity as well. They also reported eye position effects on pursuitrelated and fixation-related activity in parietal areas LIP and 7A (Bremmer et al. 1997a ). Thus eye position signals are pervasive throughout much of the visual system, as well as beyond, and modulate visual and nonvisual activity. Furthermore, modulation of neuronal activity in most of the reviewed studies takes the form of gain fields, perhaps suggesting a common, distributed mechanism for coordinate FIG . 16 . Distribution of intercepts of the regression planes for leftward transformation. transforms retinocentric into body-centered frame of refer-For example, cells in the PMv and in the dorsolateral prefrontal cortex have retinocentric receptive fields, and the ence (Andersen et al. 1993; Jeannerod 1991) . However, the distributed nature of eye position signals suggests that these magnitude of discharge is modulated by orbital eye position (Boussaoud et al. 1993) . These frontal areas are hierarchiprocessing stages do not correspond to serially connected levels of the pathways linking visual and motor cortical cally above the posterior parietal cortex, from which they receive anatomic projections (Andersen et al. 1990a ; Cavada areas. Indeed, the findings that in frontal areas, including the premotor cortex Boussaoud et al. 1993; and Goldman-Rakic 1989; Johnson et al. 1996; Tanné et al. 1996) . Other groups (di Pellegrino et al. 1992; Fogassi et Jouffrais and Boussaoud 1996) , a substantial proportion of neurons have properties strongly resembling those of poste-al. 1996; Gentilucci et al. 1983; Graziano et al. 1994) found that neurons in PMv code the location of visual stimuli relarior parietal cortex argue in favor of a distributed system. FIG . 18. Regression planes for a population of PMd cells (n Å 114). Same conventions as in Fig. 15 . Graphs represent the regression planes for set-related activity for movements to the left (A) or to the right (B). Note that both planes are virtually flat.
J492-7 / 9k2c$$se19 08-11-98 14:33:00 neupa LP-Neurophys tive to body parts; yet another study has shown that move-localization in both neurophysiological (Andersen et al. 1990b (Andersen et al. , 1993 Galletti et al. 1991 Galletti et al. , 1995 and neuropsychologment-related activity of many PMv cells is modulated by eye position (Mushiake et al. 1997) . One possible explanation of ical studies (Abrams 1992; Gauthier et al. 1992) . However, the presence of eye position signals in the premotor cortex these discrepancies is that PMv contains populations of cells representing visuomotor information in different reference suggests that these signals may play a role in processes beyond the level of coordinate transformation and target frames. The present findings, as well as those published previously (Boussaoud et al. 1993) , indicate that a large localization, as suggested above. We propose that a set of proportion of PMv cells and a substantial number of PMd PMd neurons, and possibly in other cortical areas such as neurons have retinocentric receptive fields modulated by the medial parietal cortex (Ferraina et al. 1997) , use the gaze angle. The similarity between these neuronal properties direction of gaze to determine the desired direction of arm and those described in the parietal cortex (Andersen et al. movement. Such a conjecture is supported by preliminary 1985 , 1990b Bremmer et al. 1997a,b) suggests that the data of one of our recent studies (Jouffrais and Boussaoud transformation of retinocentric into head-centered coordi-1996) showing that the directional tuning of PMd cells often nates can be computed at the level of both parietal and changes with gaze direction. Additional evidence that gaze premotor cortex.
signals interact with arm related activity comes from a recent study by Sanes et al. (1996) . They have used functional LOW VERSUS HIGH LEVEL TRANSFORMATIONS. Where does magnetic resonance imaging to examine the pattern of brain the dorsal premotor cortex stand in the chain of visuomotor activation under different gaze angles in a task where normal processes and coordinate transformation? The main objec-human subjects alternated between sequential finger movetive of the present study was to examine whether PMd neu-ments and no finger movements. Among their findings, the ronal activity, at the single cell level, is modulated by orbital authors reported that gaze angle modulates activation in the eye position. It appears that, just as in the posterior parietal primary motor and premotor areas contralateral to the hand cortex and ventral premotor cortex, PMd's neuronal activity used by the subjects. This gaze modulation of movement is highly dependent on eye position signals. However, it representation supports the idea that eye position information contrasts substantially with these cortical regions regarding is used by the motor system not just in the spatial coding retinal signals. Most parietal and ventral premotor neurons of target location but in the process of movement planning (Andersen et al. 1990b; Boussaoud et al. 1993 ) have retinal as well. receptive fields, whereas the proportion of cells with retinal These data may be viewed as a potential neurophysiologieffects is lower in PMd (see Table 2 ). This proportion decal substrate for the well-known concept of eye-hand coordicreases from 43% shortly after onset of the instructional cue nation in psychophysics (Abrams 1992; Biguer et al. 1982; (signal-related activity) to 29% during the movement period. Prablanc et al. 1978) . These and other studies have shown Consistent with this observation, Crammond and Kalaska that gaze angle affects the performance of arm movements, (1994) have shown that information processing in PMd but the brain mechanisms by which the oculomotor and skelmoves from stimulus representation (signal-related activity) etomotor systems interact are still unclear. Anatomically, to the coding of movement parameters as time progresses Fries (1985) described direct projections from the premotor from stimulus onset to movement onset (set and movementregions and M1 to the superior colliculus, a major oculomorelated activity). However, this does not mean that signaltor structure. However, it is only recently that some physiorelated activity represents sensory processing in a strict logical studies reported that the superior colliculus contains sense, as other studies have demonstrated its correlation with neurons the discharge of which is related to arm movements movement direction as well (Boussaoud and Wise 1993b; di (Werner et al. 1991 and that the discharge of these Pellegrino and Wise 1993). Considering the sensory aspect, superior colliculus neurons is modulated by gaze angle (Stumodulation of PMd neuronal activity by both retinal and eye phorn et al. 1995) . These findings suggest that the oculomoposition signals may reflect coordinate transformation, as tor system might use limb-related signals. On the other hand, has been suggested for the parietal cortex. On the other the neuronal properties of premotor cortical areas and M1 are hand, eye position modulation of set-and movement-related modulated by eye position information (Boussaoud 1995; activity, which represent further levels in visuomotor pro- Boussaoud et al. 1993; Jouffrais and Boussaoud 1996; Sanes cessing (Boussaoud and Wise 1993b; Crammond and Kaet al. 1996) , suggesting that the skeletomotor system, in turn, laska 1994; di Pellegrino and Wise 1993), may have a differmay use gaze signals for arm movement control. Altogether, ent functional implication. In particular, these effects may these data suggest a reevaluation of the degree of segregation indicate that movement coding is represented in a reference between the skeletomotor and the oculomotor systems. The frame that uses eye position signals. Thus PMd may be dorsal and ventral premotor areas, as well as M1 (Sanes et viewed to contain different hierarchical levels of coordinate al. 1996) appear to receive gaze signals that may interact transformation (Flanders et al. 1992 niti et al. (Caminiti and Johnson 1992; Caminiti et al. 1991 ) is due to the shift in gaze direction. Such a modulation of the directional properties of PMd suggests that a significant REFERENCES proportion of PMd cells code movement direction in a head-ABRAMS, R. A. Coordination of eye and hand for aimed limb movements. rather than shoulder-centered frame of reference. muscles (Lestienne et al. 1984; Vidal et al. 1982) . However, ANDERSEN, R. A. AND MOUNTCASTLE, V. B. The influence of the angle fo a decoupling of oculomotor from neck EMG is possible gaze upon the excitability of the light-sensitive neurons of the posterior under circumstances of fixation (Lestienne et al. 1984) . parietal cortex. J. Neurosci. 3: 532-548, 1983. Such a decoupling might explain why we did not find consis-ANDERSEN, R. A., SNYDER, L. H., BRADLEY, D. C., AND XING, J. Multimodal representation of space in the posterior parietal cortex and its use in tent gaze-dependent EMG activity in our sample of 16 musplanning movements. Annu. Rev. Neurosci. 20: 303-330, 1997. cles. Among these, it appears that EMG activity varies very instructed delay period while the monkey fixates. InterestNeurobiol. 3: 171-176, 1993. ingly, one of the two muscles with gaze-dependent EMG BAUSWEIN, E., FROMM, C., WERNER, W., AND ZIEMANN, U. Phasic and tonic response, of premotor and primary motor cortex neurons to torque activity is a neck muscle (the trapezius), suggesting that changes. Exp. Brain Res. 86: 303-310, 1991. modulations of neuronal activity may reflect neck proprio- Finally, the modulation of neuronal activity reported here 434, 1993. may result from either extraocular proprioception, efference BOUSSAOUD, D., DI PELLEGRINO, G., AND WISE, S. P. Frontal lobe mechanisms subserving vision for action vs. vision for perception. Behav. Brain copy, or both. The present study does not address the relative Res. 73: 1-15, 1996. contribution of these extraretinal signals. Res. 95: 28-40, 1993b. rected to the same location in space. Thus the findings of this BREMMER, F., DISTLER, C., AND HOFFMANN, K.-P. Eye position effects in study remain to be confirmed for that common sensorimotor monkey cortex. II. Pursuit-and fixation-related activity in posterior parietal areas LIP and 7a. J. Neurophysiol. 77: 962-977, 1997a. behavior. But the choice of a conditional task was based on J492-7 / 9k2c$$se19 08-11-98 14:33:00 neupa LP-Neurophys
